Background-We have previously linked hereditary progressive cardiac conduction defect (hereditary Lenègre's disease)
I diopathic progressive cardiac conduction disease, also known as Lenègre or Lev's disease, is characterized by an age-related alteration in the conduction of the cardiac impulse that can ultimately lead to chronic atrioventricular block, justifying pacemaker implantation. Since the initial Lenègre and Lev's description, 1, 2 it was considered a primary degenerative disease affecting the conducting network. In 1999, some of us identified a splicing mutation in the SCN5A gene in a French family, resulting in nonfunctional cardiac sodium channels and leading to hereditary Lenègre disease. 3 Interestingly, although the haploinsufficiency was already present during infancy in the mutation carriers, the cardiac conduction defect worsened progressively with age, leading to life-threatening conduction blocks only in the older patients. 4 It was therefore likely that a combination between the SCN5A mutation and additional degenerative abnormalities in relation with aging explains the progressive alteration of the conduction velocity in hereditary Lenègre patients.
Most recently, a mouse model with targeted disruption of the Scn5a gene has been established. 5 Homozygous mice died before birth, whereas heterozygous (Scn5a ϩ/Ϫ ) mice survived and demonstrated conduction slowing qualitatively similar to that seen in inherited Lenègre patients. We thus decided to explore whether the Scn5a ϩ/Ϫ mice undergo age-related changes in their cardiac phenotype, as do Lenègre patients. We found that the conduction defect in Scn5a ϩ/Ϫ mice increases progressively with age and that this progression is associated with a pronounced myocardial rearrangement, including fibrosis and expression of hypertrophy markers but a conserved contractile function. Our data provide the first univocal demonstration that a monogenic ion channel defect can lead, with aging, to myocardial structural anomalies. Finally, by making use of a genetically engineered animal model, our results further support the original Lenègre and Lev's hypothesis suspecting a fibrotic process as being responsible for slowly progressing conduction defects.
Methods
Scn5a ϩ/Ϫ mice with 129/Sv genetic background were generated at the University of Cambridge (Cambridge, UK) and bred either at this institution or at l'Institut du Thorax (Nantes, France) and were genotyped by polymerase chain reaction (PCR) as previously described. 5 Because ECG studies revealed no phenotypic difference between the 2 sources of mice, data were pooled. The study conformed with the institutional guidelines for animal use in research. All experiments were performed on age-matched wild-type (WT) and heterozygous littermates.
Electrocardiography
Three-lead ECGs were recorded with 25-gauge subcutaneous electrodes on a computer through an analog-digital converter (IOX 1.585, EMKA Technologies) for monitoring and later analysis (ECG Auto 1.5.7, EMKA Technologies). Recordings were filtered between 0.5 and 250 Hz. Mice were anesthetized with intraperitoneal injection of etomidate (15 mg/kg). Body temperature was maintained at 37°C by use of a thermally controlled heating pad (Harvard Apparatus). Criteria used for measuring RR, PR, QTr, and QT intervals ( Figure 1 ), as well as P-wave duration, have been reported previously. 6 QT intervals were corrected for heart rate by use of the formula: corrected QT-interval duration (QTc)ϭ QT/(RR/100) 1/2 , with QT and RR measured in milliseconds. 7 The QRS interval was measured from the beginning of the Q wave to the cross-point between the isoelectric line and the STr segment ( Figure 1 ).
Echocardiography
Echocardiography was performed with a Toshiba Powervision 6000, SSA 370A device equipped with an 8-to 14-MHz linear transducer under isoflurane anesthesia (0.75% to 1.0% in oxygen) and spontaneous ventilation. Data were transferred to a computer for offline analysis (Ultrasound Image Workstation-300A, Toshiba). The left ventricle (LV) was imaged in parasternal long axis view for left atrium and LV measurement (end-diastolic diameter, ejection fraction, and shortening fraction) in time-motion mode. Pulse-wave Doppler tissue imaging was obtained from the posterior wall for the measurement of maximal wall velocities (systolic wave). The apical view was used for posterior wall Doppler measurement of LV mitral inflow (E wave) and LV aortic outflow (ejection time), as well as for tissue Doppler measurement of mitral annulus velocities (systolic wave and diastolic wave).
Hemodynamics in Anesthetized Mice
Animals were anesthetized with intraperitoneal sodium pentobarbital (60 to 100 mg/kg), and the trachea was intubated to facilitate breathing. Body temperature was maintained at 37°C. The left jugular vein and the right carotid artery were isolated. A catheter tip pressure transducer (Mikrotip 1.4F, Millar Instruments) was inserted into the right carotid artery and advanced to the LV under guidance of the pressure signal and fixed in position. Blood pressure, heart rate, LV pressure, and maximal positive (ϩdP/dt) and maximal negative (ϪdP/dt) rates of pressure development were monitored for 10 minutes under basal conditions and during isoproterenol infusion (0.3 g/mL at 1 L · g Ϫ1 · min Ϫ1 , Abbott) on a computer with an MP100 system (Biopac Systems, Cerom).
Real-Time RT-PCR
First-strand cDNA was synthesized from 2 g of cardiac total RNA samples by use of high-capacity cDNA Archive Kit for reverse transcription (RT)-PCR (Applied Biosystems). Online PCR was performed with predesigned FAM-labeled fluorogenic TaqMan probes and primers and 1XTaqMan Universal Master Mix (Applied Biosystems). After 2 minutes at 50°C and 10 minutes at 95°C, 40 cycles of amplification were performed, each at 95°C for 15 seconds and 60°C for 1 minute, with the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). Data were collected with instrument-spectral compensation by the Applied Biosystems SDS 2.1 software. The fluorescence signals were normalized to the ubiquitously expressed housekeeping gene hypoxanthine guanine phosphoribosyl transferase (HPRT). The comparative threshold cycle relative quantification method 8 was used to compare the amounts of mRNA in WT and transgenic mice. Each plate contained duplicate quantification for each gene.
Microarray Hybridization
Cy3-and Cy5-labeled cDNA was prepared from polyAϩ RNA samples by use of the CyScribe cDNA Post Labeling Kit (Amersham Pharmacia Biotech). Labeled samples were hybridized onto 2 MWG Mouse 10k Arrays according to the protocol provided by the manufacturer (MWG Biotech). Data were extracted as described previously. 9 Genes with Cy5/Cy3 expression ratios Ͼ1.5 or Ͻ0.67 in both 10k A or in both 10k B hybridizations were defined as differentially expressed.
Immunohistochemistry and Histology
After excision, hearts were rapidly frozen in liquid nitrogen and stored at Ϫ80°C. For each group (young versus old and WT versus heterozygous), 5 hearts were serially sectioned to generate sections of 10-m thickness. Sections taken from different levels were incubated with antibodies as reported previously. 10 After immunolabeling, sections were mounted in Vectashield (Vector Laboratories) and examined by use of a classic light microscope with epifluorescence equipment (Nikon Optiphot-2). To evaluate the presence of fibrosis, sections were fixed with 4% paraformaldehyde (in PBS, 30 minutes at room temperature) and stained with picrosirius red. 11 Serial sections were stained with hematoxylin-eosin and analyzed with routine light microscopy.
Protein Isolation, SDS-PAGE, and Western Blotting
Western blot experiments were performed with methods described previously. 10, 12 For the experiments comparing young (14 to 16 weeks old) and old (50 to 73 weeks old) mice, total cellular protein was isolated from 5 hearts (total ventricular section) in each group (young versus old and WT versus Scn5a ϩ/Ϫ ) as described previously. 10 Protein content of the supernatant was assessed according to Lowry's method. Equal amounts (30 g/lane) of each sample were separated on 10% SDS-polyacrylamide gels and transferred by electrophoresis to nitrocellulose membrane (Biorad). Equality of protein transfer was assessed by Ponceau S staining. After first and secondary horseradish peroxidase-conjugated antibody incubations, signals were visualized by use of an enhanced chemoluminescence reagent (Amersham) and exposure to XB-1 film (Kodak).
Antibodies
The following antibodies were used: mouse monoclonal antibodies against connexin43 (Cx43; Transduction Laboratories), ␣-actinin (Sigma Aldrich), ␤-myosin heavy chain (␤-MHC, kindly provided by Dr A.F.M. Moorman, Academic Medical Center, Amsterdam, the Netherlands) and desmin (Sigma Aldrich); rabbit polyclonal antibodies against Cx43 or connexin40 (Cx40), 12 N-cadherin (Sigma Aldrich), and skeletal ␣-actin (␣-SKA, kindly provided by Dr S. Clement, University of Geneva, Switzerland). Secondary antibodies (Texas Red-and FITC-conjugated whole IgG) were purchased from Jackson Laboratories.
Statistical Analysis
All data are expressed as meanϮSEM. Statistical analysis was performed with a Fisher exact test, Student t test, and 1-or 2-way ANOVA completed by a Tukey test when appropriate. A value of PϽ0.05 was considered significant. Figure 1B shows representative ECG recordings from a WT and 2 Scn5a ϩ/Ϫ mice. Prolonged P-wave, PR-interval, and QRS interval durations (see Table 1 for average values from all mice studied) characterized Scn5a ϩ/Ϫ mice. Scn5a ϩ/Ϫ mice also showed slight but significant bradycardia, which was further confirmed by telemetry recordings (not illustrated). Figure 1B also shows that Scn5a ϩ/Ϫ mice had a rightward shift in their cardiac axis. In contrast, the ventricular repolarization per se was not affected, because the observed prolongation in QTrc and QTc intervals was caused by prolongation of the QRS interval ( Table 1) .
Results

Age-Related Progressive Development of the Conduction Defect in Scn5a ؉/؊ Mice
As shown in Figure 2 , P-wave, PR, and QRS intervals progressively prolonged with aging (from 3 to 71 weeks; PϽ0.001 for all parameters). At every age range, these parameters were larger in Scn5a ϩ/Ϫ than in WT mice (PϽ0.001 for all parameters). At the ventricular level, the progressive increase in QRS interval with aging was slightly although significantly more pronounced in Scn5a ϩ/Ϫ than in WT mice. Indeed, the QRS/age slope was steeper in Scn5a ϩ/Ϫ (0.14Ϯ0.02 ms/wk) than in WT animals (0.08Ϯ0.02 ms/wk; PϽ0.05). The observed age-related prolongation in conduction times coincided perfectly with our previous measurements in patients with genetically acquired Lenègre's disease (see Figure 5 in Reference 4).
Age-Related Fibrosis in the Ventricular Myocardium of Scn5a ؉/؊ Mice
Ventricular sections stained with picrosirius red were evaluated for the presence of fibrosis in young (14 to 16 weeks) and old (50 to 73 weeks) animals. Young mice, either WT or heterozygous, did not show fibrosis, with the exception of normal interstitial collagen between the muscle fibers ( Figure 3A ). The same pattern was found in old WT mice. In contrast, fibrosis in old Scn5a ϩ/Ϫ mice was abundant and was found both in the left and right ventricular free walls and in the interventricular septum. The pattern of observed fibrosis was heterogeneous, with multiple spots of different sizes surrounded by healthy nonfibrotic myocardium. Typical examples of ventricular replacement fibrosis in old Scn5a ϩ/Ϫ hearts are shown in Figure  3B . Both in the LV free wall and in the interventricular septum, staining of serial sections with hematoxylin shows that the fibrotic tissue was intermingled and surrounded by healthy myocardial bundles. Surprisingly, although in young Scn5a ϩ/Ϫ mice, no fibrosis was observed in the ventricular working myocardium, increased perivascular fibrosis could be detected, an anomaly not seen in young WT hearts ( Figure 3C , left side). With aging, perivascular fibrosis became massive in Scn5a ϩ/Ϫ mice ( Figure 3C , right side). In areas of ventricular working myocardium where no fibrosis was detected ( Figure 3D, area 1) , a uniform expression pattern of the gap junction protein Cx43 was observed. In contrast, in areas of replacement fibrosis ( Figure 3D, area 2) , the uniform distribution was completely disturbed, because Cx43 could hardly be detected between myocytes within the scar, whereas its expression in the directly surrounding viable myocytes was irregular.
Expression of Hypertrophic Markers in the Aged Scn5a ؉/؊ Myocardium
Immunolabeling with antibodies against the hypertrophic markers ␤-MHC and skeletal ␣-actin was used to evaluate the status of the ventricular myocardium ( Figure 4A ). The expression of these structural proteins is very low in the healthy mouse heart but is upregulated in myopathological conditions. In the heart of young WT mice, rare areas with immunopositive cells were found. The amount of positive areas and the intensity of labeling were slightly increased in young Scn5a ϩ/Ϫ mice. In contrast, a large increase in immunolabeled cells was observed in the myocardium of old Scn5a ϩ/Ϫ animals. Western blots incubated with antibodies against skeletal ␣-actin confirmed this increased expression ( Figure 4B ). Antibodies against ␤-MHC were found to be ineffective on Western blot. Figure 4 also shows the expression level of ␣-actinin. This protein of the contractile machinery is expressed primarily in the normal myocardium. In young animals, ␣-actinin was equally expressed in the ventricle of WT and Scn5a ϩ/Ϫ animals. In old mice, however, ␣-actinin was expressed at a substantially higher level in the Scn5a ϩ/Ϫ hearts. At the mRNA level, real-time RT-PCR experiments confirmed the age-dependent increase in ␤-MHC and skeletal ␣-actin expression in Scn5a ϩ/Ϫ mice. Whereas ␤-MHC expression was normal in 10-week-old Scn5a ϩ/Ϫ mice (0Ϯ7% versus WT; nϭ12), it was upregulated by 46Ϯ15% and 70Ϯ21% in 21-week-old (nϭ12) and 56-to 60-week-old (nϭ12) animals, respectively. Similar observations were obtained with skeletal ␣-actin. In contrast, the expression of troponin I mRNA was unaltered. We used mouse pangenomic microarrays (20 000 oligonucleotides) to characterize further the cardiac gene expression remodeling in Scn5a ϩ/Ϫ mice. For this, two 11-month-old Scn5a ϩ/Ϫ mice were compared with 2 age-matched WT mice. The list of genes differentially expressed in Scn5a ϩ/Ϫ mice (as defined in the Methods section) can be found at http:// www.nantes.inserm.fr/u533/INDEX/. Among the genes found to be upregulated, 2 were of particular interest and were characterized further with real-time RT-PCR: the early growth response 1 (Egr1) and activating transcription factor 3 (Atf3) genes ( Figure 4C ). The expression of both transcription factors was comparable in WT and Scn5a ϩ/Ϫ young (10week-old) animals but consistently increased with aging in Scn5a ϩ/Ϫ mice.
Remodeling of Gap Junction Protein Expression
Western blot experiments indicated that the expression of Cx43 protein in the ventricles or atria of both 30-to 40-week-old WT and Scn5a ϩ/Ϫ mice was similar ( Figure 5A) . In contrast, the expression of Cx40 was reduced by approximately 50% in the atria of Scn5a ϩ/Ϫ compared with WT mice. We observed that the regional distribution of Cx43 in the ventricle of Scn5a ϩ/Ϫ old animals was markedly disturbed because of heterogeneously located patches of fibrosis (see Figure 3D ). Further Western blots were thus performed in young (14-to 16-week-old) and old (50-to 73-week-old) mice with a different antibody. Results confirmed that the ventricular expression of Cx43 was similar in both WT and Scn5a ϩ/Ϫ mice, even in older animals ( Figure 5B ). We 
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concluded that although the distribution of Cx43 in old Scn5a ϩ/Ϫ animals was markedly heterogeneous, its global expression was normal. We simultaneously analyzed the expression of N-cadherin, another intercalated disk-related protein. Surprisingly, this component of the adherence junctions was slightly downregulated in young Scn5a ϩ/Ϫ hearts compared with WT, whereas it was similar in WT and Scn5a ϩ/Ϫ old hearts ( Figure 5B ).
Normal Cardiac Function of Old Scn5a ؉/؊ Mice
Using echocardiography, we assessed the cardiac function in vivo of anesthetized 29-to 30-week-old and 52-to 55-weekold animals. As shown in Table 2 , Scn5a ϩ/Ϫ mice exhibited no sign of altered cardiac function and no ventricular hypertrophy. Heart weight-to-body weight ratios of Scn5a ϩ/Ϫ mice did not differ from those of WT mice either at the age of 10 weeks (0.49Ϯ0.03 versus 0.52Ϯ0.01 respectively; nϭ8; PϭNS) or at 50 to 52 weeks (0.51Ϯ0.03 versus 0.52Ϯ0.02; nϭ7; PϭNS). Echographic parameters evaluating LV contractility were not different from those of WT mice, including tissue Doppler parameters derived from posterior wall and mitral annulus. Finally, the diastolic LV function was also unaltered ( Table 2) . Using Millar catheters, we also evaluated LV pressure, contractility (ϩdP/dt), and relaxation (ϪdP/dt). These parameters under baseline conditions were not significantly altered in Scn5a ϩ/Ϫ mice in comparison with WT ( Figure 6 ). The systolic and diastolic blood pressure were also normal (not shown); however, after intravenous challenge with isoproterenol 0.3 g/kg, the contractility was significantly potentialized in WT animals (ϩdP/dt increased from 2497Ϯ323 mm Hg/s to 2973Ϯ203 mm Hg/s; PϽ0.05; nϭ5) but not in Scn5a ϩ/Ϫ mice (2500Ϯ140 mm Hg/s versus 2437Ϯ182 mm Hg/s; nϭ6). We concluded that the cardiac function of Scn5a ϩ/Ϫ old animals was close to normal.
Discussion
The present study demonstrates that mice with targeted disruption of the cardiac main Na ϩ channel gene, Scn5a, reflect the clinical phenotype of patients with inherited Lenègre's disease, including progressive deterioration of the conduction abnormalities with aging. 4 Our data also show that this phenotype is caused primarily and mostly by a reduced Na ϩ current and secondarily by an age-related degenerative process comprising gene expression remodeling and fibrosis as a final outcome of the ionic channel defect. Recently, a family with compound heterozygosity for mutations in SCN5A was reported to have a severe form of conduction defect early after birth. 13 Cardiac examination of a patient deceased at the age of 2 years showed ventricular hypertrophy and severe degenerative abnormalities; however, in this family, mutation carriers are expected to have only 5% to 10% of Na current, a situation closer to that of mice with homozygous disruption of Scn5a. Defect in another ion channel, the type II ryanodine receptor (RyR2), was also shown to underlie arrhythmogenic right ventricular dysplasia 14 ; however, the physiology of RyR2 channels is very different from that of SCN5A, because RyR2 is an intracellular protein involved in intracellular Ca 2ϩ homeostasis.
The configuration of the QRS complex in Scn5a ϩ/Ϫ mice differs from that of WT mice, suggesting abnormal activation of the heart. Therefore, one explanation to connect a decreased Na ϩ current and myocardial remodeling could be long-term asynchronous electrical activation of the ventricles leading to abnormal cardiac load. Such a phenomenon was previously reported in dogs submitted to LV pacing at physiological rates. 15 In this model, pacing induced asymmetrical hypertrophy probably related to regional differences in the contraction pattern, without changes on global ventricular performance. Interestingly, although the duration of the QRS complex rapidly doubles immediately after initiating the ventricular pacing, this parameter increases by an additional 20% after 6 months. In contrast to mice, no fibrosis is observed in these dogs. This may be because of the relatively brief period of abnormal activation and its late initiation during dog life.
In addition to fibrosis, altered expression of connexins might also participate in abnormal conduction in Scn5a ϩ/Ϫ mice. In the mouse heart, 3 different connexins form gap junctions. 16 Cx40 is expressed exclusively in the atrium and the specialized conduction system. 17 In Scn5a ϩ/Ϫ mice, the expression of Cx40 was downregulated in the atria from old mice. Together with decreased Na ϩ current, reduced Cx40 might participate in prolonging the P wave. Prolonged P-wave duration is also a common feature of patients with inherited Lenègre's disease. 4 The increased PR interval suggested that Cx40 was also downregulated in the conduction system, although technical difficulties prevented measure-ment of Cx40 expression in this tissue. Expression of Cx43 was not globally modified but rather locally altered in the regions with marked fibrosis, a phenomenon that may decrease conduction velocity locally and increase the heterogeneity of propagation. 10 In the mouse model, myocardial rearrangements occurred concomitantly with overexpression of Atf3, a member of the CREB/ATF family of transcription factor genes. Atf3 is normally expressed at very low levels in the heart but is activated by stressors, such as ischemia-reperfusion. This gene seems to play a detrimental role in the pathogenesis of stress-associated cardiac diseases. Interestingly, overexpression of ATF3 in the mouse heart was previously shown to increase ␣-skeletal actin and ␤-MHC expression and also to induce fibrosis and conduction abnormalities. 18 Because Atf3 expression increases progressively with age in Scn5a ϩ/Ϫ mice, it may represent an important trigger for myocardial remodeling. Egr1, an early growth response gene, was also associated with the age-related cardiac remodeling in Scn5a ϩ/Ϫ mice. Egr1 may positively regulate the expression of ␣-skeletal actin and ␤-MHC, because these proteins are no longer overexpressed during adrenoceptor-induced cardiac hypertrophy in Egr1-invalidated mice. 19 Obviously, much more work is needed before the role of Aft3 and Egr1 in the pathophysiology of Scn5a invalidation is clarified. We hypothesize that a 50% reduction in Scn5a could create longterm asynchronous electrical activation of the ventricles and abnormal cardiac load. This could alter the expression of regulatory elements such as Atf3 and Egr1 and the expression of hypertrophic markers in the absence of patent hypertrophy. This very slow process should ultimately lead to fiber disarray and fibrosis, which would in turn further impair conduction. Future studies will be driven to confirm this sequence.
Other channelopathies, such as the Brugada syndrome, have been associated with loss-of-function mutations in SCN5A. 20 The Brugada syndrome is usually considered an early repolarization disease, involving disequilibrium between a prominent transient outward current in the right ventricular subepicardium and a decreased Na ϩ current. 21 Although there is convincing experimental evidence to support this hypothesis, an additional involvement of altered conduction in the pathophysiological sequence leading to this complex disease cannot be excluded. 22, 23 Indeed, the frontier between the Brugada syndrome and progressive conduction diseases remains unclear, because in the same family, the same mutation can induce both diseases. 24 Whether the pathophysiology of the Brugada syndrome also involves myocardial fibrosis (either diffuse or localized in the upper right ventricle) remains to be established, particularly for the fraction of Brugada patients carrying a SCN5A mutation leading to haploinsufficiency.
In the early descriptions of Lenègre and Moreau 1 and Lev, 2 excessive fibrosis was found primarily in the conductive tissue. In the mouse model, fibrosis is found primarily in the ventricular working myocardium. Species and heart size differences could very well account for this discrepancy. There are indeed well-known differences in ventricular activation in the mouse compared with larger mammals. In mice, HR indicates heart rate; BW, body weight; LA, left atrial dimension; LVEDD, left ventricular end-diastolic diameter; LV/BW, ratio of left ventricular mass to body weight; EF, ejection fraction; VcFc, mean velocity of circumferential fiber shortening corrected for heart rate; Sa, maximal systolic velocity of the mitral annulus; Spw, maximal systolic velocity of the posterior wall; IVRT, isovolumic relaxation time; and E/Ea, ratio of the maximal blood velocity of early LV inflow to the maximal velocity of early diastolic motion of the mitral annulus.
Data are expressed as meanϮSEM.
direct electrical connections are present between the His bundle and upper intraventricular septal regions, whereas the conduction system of larger mammals is electrically insulated from the septal myocardium by a fibrotic sheet. 25 Moreover, conduction velocity in the His bundle branches of the mouse is not faster than in the working myocardium. 12 Another major difference between mouse and human is that the mouse heart contracts 10 times more often per time unit than the human heart. Different cardiac sizes lead to different constraints. That abnormal conduction because of a decreased Na ϩ current has slightly different consequences is thus not surprising.
In conclusion, our results obtained in the mouse further support the hypothesis that SCN5A-related inherited Lenègre's disease is a result of combined reduced Na ϩ current and an age-related channelopathy-mediated increase in fibrosis. Our findings further support the original Lenègre and Lev hypotheses suspecting a fibrotic process to be responsible for slowly progressing atrioventricular blocks and also provide the first univocal demonstration that a monogenic ion channel defect can lead to progressive myocardial structural anomalies with aging.
Finally, on the basis of our data, we plan to evaluate whether antifibrotic drugs such as ACE inhibitors and/or angiotensin II receptor antagonists would prevent the agerelated conduction worsening in our mice. A positive outcome would support a pilot clinical trial in hereditary Lenègre's disease and ultimately in idiopathic progressive cardiac conduction disease. 
